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REFLECTIVE DISPLAY DEVICE AND 
PRISM ARRAY SHEET 

BACKGROUND OF THE INVENTION 
[0001] The present invention relates to a direct-view type reflective 
display device that displays an image with reflected light and a prism ar- 
ray sheet used for the reflective display device. 

[0002] Conventionally, as display devices for portable electronic 
equipment such as notebook personal computers (PCs), reflective display 
devices that display an image by reflecting external light have been 
commercialized. For example, a liquid crystal display device provided 
with a polarizing plate and a metal reflector having an uneven surface 
has been developed. This type of liquid crystal display device adopts a 
birefringence display mode where display is performed by controlling 
birefringence of a liquid crystal layer in an electric field, and thus only 
one polarizing plate is necessary. 

[0003] However, the above display mode has the following prob- 
lems. Light is largely absorbed by the polarizing plate, color filters, and 
the like. Moreover, the display is bright only when observed from the 
direction of the regular reflection of light incident from a light source, 
and thus sufficient lightness is not obtained when observed from a di- 
rection deviated from the direction of the regular reflection. Therefore, 



to attain good display, the observer must adjust the angle of the display 
device and the position at which he or she observes the display. In ad- 
dition, since the direction of the regular reflection overlaps surface re- 
flection, the display quality is low, 

[0004] To solve the above problems, Japanese Laid-Open Patent 
Publication No. 9-288271, for example, discloses a reflective display 
device where the reflection surface of a reflector is tilted at a predeter- 
mined angle with respect to the display plane so that the direction of 
light reflected by the reflector does not overlap the direction of the 
regular reflection from the display plane. 

[0005] As another example, SID '99 Digest, p. 954 attempts to 
provide bright display for the observer who observes the display from a 
given direction (hereinafter, the direction from which the observer views 
a display is referred to as the observer direction) by forming tilts on an 
uneven reflector. 

[0006] However, the conventional reflective display devices dis- 
closed in Japanese Laid-Open Patent Publication No. 9-288271 and SID 
'99 Digest, p. 954 have the following problems. In these conventional re- 
flective display devices, the reflector needs to have a tilt face to provide 
both the reflection function and the off-axis function (function capable 
of enhancing the brightness when observed from a direction deviated 
from the direction of the regular reflection from the display plane). This 



means that a reflector having a large step must be formed immediately 
below an optical modulation layer, that is, a liquid crystal layer. The re- 
sultant liquid crystal layer therefore fails to have a uniform cell thick- 
ness. 

[0007] The step of the reflector may be flattened after formation of 
the reflector. In this case, however, it is necessary to flatten the reflec- 
tor with a transparent resin or the like and thereafter form a transparent 
electrode on the flattened surface. This complicates the fabrication 
process of the reflector. 

[0008] FIG. 17 illustrates a conventional reflective display device 
98 as described above. The reflective display device 98 includes: a liq- 
uid crystal layer 94; a retardation plate, a substrate, an alignment film, 
and the like (these elements are collectively denoted by the reference 
numeral 96) formed on the side of the liquid crystal layer 94 closer to 
the observer (observer side); and a reflector 91 on the side of the liquid 
crystal layer 94 opposite to the observer side. The reflector 91 has a 
plurality of tilt faces 92 on the surface thereof closer to the liquid crys- 
tal layer 94. A transparent resin 95 is formed on the tilt faces 92 to 
flatten the surface of the reflector 91. 

[0009] In the reflective display device 98 having the above con- 
struction, in order to deviate the direction in which light outgoes from 
the display device 98 (indicated by arrow 99) by 30 degrees from the in- 



cident direction (indicated by arrow 93), for example, it is necessary to 
form the tilt faces 92 having a tilt angle of about 10 degrees on the re- 
flector 91 as shown in FIG. 17. With such tilt faces 92 formed on the 
reflector 91, the distance between the liquid crystal layer 94 and the re- 
flector 91 is large at certain positions of the tilt faces 92. At these po- 
sitions, the distance between pixels (not shown) on the observer side and 
the reflector 91 is also large. This large distance between the pixels and 
the reflector 91 causes a problem of color mixture when color filters are 
formed on the substrate on the observer side. 

[0010] In the reflective display device disclosed in Japanese Laid- 
Open Patent Publication No. 9-288271, where the reflector is produced 
separately from the display part and then placed on the outer back sur- 
face of the display part, a large gap is formed between the display part 
and the reflector. Due to this large gap, the parallax of the display be- 
comes a serious problem. In addition, there are an increased amount of 
light rays that are incident on one pixel and outgo from another pixel. 
As a result, the lightness and color purity of the display decrease. 

[0011] Japanese Laid-Open Patent Publication No. 8-95035 dis- 
closes a reflective display device where a prism array sheet is placed on 
the outer surface of a display device on the observer side to separate 
light for display reflected from the display device from the regular re- 
flection of external light. However, this display device hardly provides 



display brightness when viewed at a position in front of the display de- 
vice, at which the observer normally observes an image on the display, 
and substantially provides only dark display. 

[0012] An object of the present invention is to provide a reflective 
display device capable of attaining display with high brightness for the 
observer present in front of the display device, and a prism array sheet 
used for the reflective display device. 



SUMMARY OF THE INVENTION 



[0013] The reflective display device of the present invention in- 
cludes: a display layer; an optical element placed on an observer side of 
the display layer; and a reflection element placed on a side of the display 
layer opposite to the observer side. The optical element has a principal 
plane including a plurality of tilt faces tilted with respect to the display 
plane. A light ray incident on the display layer through the optical ele- 
ment and reflected by the reflection element is allowed to outgo in a di- 
rection roughly normal to the display plane 

[0014] Preferably, the principal plane of the optical element faces 
the observer side. Alternatively, the principal plane of the optical ele- 
ment faces a side of the reflection element. 

[0015] The reflective display device may further include a scatter- 



ing element for scattering light reflected by the reflection element, 
wherein the light ray incident on the display layer through the optical 
element and reflected by the reflection element is allowed to outgo in a 
direction roughly normal to the display plane by a combination of the 
optical element, the reflection element, and the scattering element. 

[0016] Preferably, a light ray incident from a direction tilted toward 
the upper side of the display plane with respect to the direction normal 
to the display plane outgoes in a direction roughly normal to the display 
plane. 

[0017] Preferably, the light ray is emitted from a first light source 
placed on the observer side of the optical element at a position tilted to- 
ward the upper side of the display plane with respect to the direction 
normal of the display plane. 

[0018] Preferably, the angle of the plurality of tilt faces with re- 
spect to the display plane is set so that some of the light ray incident 
from a position tilted by an angle in a range of about 10 degrees to about 
45 degrees with respect to the direction normal to the display plane out- 
goes in a direction roughly normal to the display plane. 

[0019] Preferably, the plurality of tilt faces are tilted at a predeter- 
mined angle with respect to the display plane, and the predetermined an- 
gle is 7 degrees or more. 

[0020] Preferably, the optical element has a plurality of other faces 



having an arbitrary angle with respect to the display plane, and the plu- 
rality of tilt faces and the plurality of other faces are formed alternately. 

[0021] The plurality of other faces of the optical element preferably 
have an angle of about 90 degrees with respect to the display plane. 

[0022] Preferably, a reflection layer is formed on each of the plu- 
rality of other faces of the optical element. Alternatively, an absorption 
layer may be formed on each of the plurality of other faces of the optical 
element. 

[0023] The angle of the plurality of tilt faces with respect to the 
display plane preferably varies in the display plane. 

[0024] The plurality of tilt faces are preferably curved. 

[0025] The direction of a normal vector to one of the plurality of 
tilt faces is preferably different from the direction of a normal vector to 
one of the plurality of other faces. 

[0026] Preferably, the optical element is a prism array sheet in- 
cluding a plurality of prisms in an array, and the pitch of the prisms is 
200 fl m or less. 

[0027] Preferably, the optical element is a prism array sheet in- 
cluding a plurality of prisms in an array, and the pitch of the prisms is 5 
11 m or more and a half or less of a pixel pitch of the reflective display 
device. 



[0028] Preferably, pixels of the reflective display device are ar- 
ranged in at least a first direction, the optical element is a prism array 
sheet including a plurality of prisms arranged in at least a second direc- 
tion, and the first direction and the second direction form an angle in a 
range of about 5 degrees to about 85 degrees. 

[0029] An anti-reflection film is preferably formed on the optical 
element on the observer side. 

[0030] The reflective display device may further include a second 
light source placed on a side of the optical element, and the optical ele- 
ment functions as a light guide element. 

[0031] The optical element is preferably made of a material having 
a variable refractive index nl. 

[0032] A polarizing plate is preferably placed on the optical ele- 
ment on the observer side via an air layer. 

[0033] Preferably, a retardation plate is placed on the optical ele- 
ment on the observer side via an air layer, and a polarizing plate is 
placed on the retardation plate on the observer side. 

[0034] The optical element is preferably made of an optically iso- 
tropic material. 

[0035] Preferably, a base material is placed in contact with the op- 
tical element on the side of the reflection element, and the base material 
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and the optical element have roughly the same refractive index. 

[0036] The plurality of tilt faces of the optical element are prefera- 
bly subjected to anti-glare treatment. 

[0037] The plurality of other faces of the optical element are pref- 

erably rough faces. 

[0038] Preferably, a polarizing plate and a retardation plate are 
placed on the optical element on the observer side, and the polarizing 
plate and the retardation plate substantially satisfy a quarter A condition. 

[0039] The prisms are preferably arranged at a random pitch in the 
display plane. 

[0040] Preferably, an additional optical element is placed between 
the display layer and the optical element to separate display light from 
light reflected by at least one of interfaces formed by the optical ele- 
ment, the display layer and the reflection element. 

[0041] The additional element preferably has a plurality of tilt faces 
tilted with respect to the display plane on the observer side. 

[0042] Preferably, the refractive index of the optical element is 
greater than the refractive index of a medium located immediately above 
the plurality of tilt faces, and the direction normal to the plurality of tilt 
faces of the optical element is tilted toward the lower side of the display 
plane with respect to the direction normal to the display plane. 
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[0043] Preferably, the plurality of tilt faces of the optical element 
are in contact with the air, and the angle a of the plurality of tilt faces 
with respect to the display plane and the refractive index nl of the opti- 
cal element satisfy 

2 a-arcsin(sin a/nl) < arcsin(l/nl). 

[0044] Preferably, when the outgoing angle 6 out of light incident 
from the direction normal to the display plane satisfies 

6 ont = arcsin[nl -sin{2 a - arcsin(sin a /nl)}]- a , 

the angle a of the plurality of tilt faces with respect to the display plane 
and the refractive index nl of the optical element satisfy 

0° < arcsinfnl -sin{2a- arcsin(sin a /nl)}]- a < (90-a) ° . 

[0045] A protection sheet is preferably formed on the plurality of 
tilt faces of the optical element. 

[0046] The plurality of tilt faces of the optical element are prefera- 
bly flattened with a transparent base material. 

[0047] Preferably, the reflective display device further includes a 
pair of substrates sandwiching the display layer, wherein the optical 
element is placed between one of the pair of substrates and the display 
layer. 

[0048] Preferably, the plurality of tilt faces of the optical element 
are flattened with a transparent base material, and when the refractive 
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index nl of the optical element, the refractive index n2 of the transpar- 
ent base material, and the refractive index (1.0) of the air in contact with 
the transparent base material have a relationship of nl>n2>l, the tilt an- 
gle Qi of the plurality of tilt faces of the optical element satisfies both 

2 ol -arcsin(sin ot -n2/nl) < arcsin(n2/nl) and 

arcsin[(nl/n2) *sin{2a- arcsin((n2/nl) •sina)}]-a < arcsin(l/n2). 

[0049] Preferably, the refractive index of the optical element is 
smaller than the refractive index of a medium located immediately above 
the plurality of tilt faces, and the direction normal to the tilt faces of the 
optical element is tilted toward the upper side of the display plane with 
respect to the direction normal to the display plane. 

[0050] Preferably, the plurality of tilt faces of the optical element 
are flattened with a transparent base material, and when the refractive 
index nl of the optical element, the refractive index n2 of the transpar- 
ent base material, and the refractive index (1.0) of the air in contact with 
the transparent base material have a relationship of l^nl<n2, the tilt 
angle ot of the plurality of tilt faces of the optical element satisfies both 

ot < arcsin(nl/n2) and 

a-arcsin[(nl/n2) -sin{2a- arcsin((n2/nl) *sina)}] < arcsin(l/n2). 

[0051] Preferably, the optical element has a back surface opposite 
to the principal plane and in parallel with the display plane, and a pro- 
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tection plate is placed on the back surface. 

[0052] According to another aspect of the invention, a prism array 
sheet used for a reflective display device is provided* The prism array 
sheet is placed on the reflective display device on an observer side, a 
plurality of tilt faces tilted with respect to a display plane of the reflec- 
tive display device are formed on the observer side, the plurality of tilt 
faces being in contact with the air, and the angle ol of the plurality of tilt 
faces with respect to the display plane and the refractive index nl of the 
prism array sheet satisfy 

2 ol -arcsin(sin a/nl) < arcsin(l/nl). 

[0053] The angle a of the plurality of tilt faces is preferably 7 de- 
grees or more. 

[0054] Preferably, the angle of the plurality of tilt faces is set so 
that some of the light ray incident from a position tilted by an angle in a 
range of about 10 degrees to about 45 degrees with respect to the direc- 
tion normal to the display plane outgoes in a direction normal to the dis- 
play plane. 

[0055] Preferably, the outgoing angle 9 out of a principal ray of 
light incident on the reflective display device from the direction normal 
to the display plane satisfies 

0 out = arcsin[nl *sin{2o;- arcsin(sin a /nl)}]- a and 

12 



0° < 0 out <(9Q-a) ° . 

[0056] The prism array sheet is preferably made of an optically 
isotropic material. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0057] FIG. 1A is a schematic perspective view of a reflective liq- 
uid crystal display device 1 of Embodiment 1 of the present invention 
including a prism array sheet 14, FIG. IB is a cross-sectional view taken 
along line IB-IB 1 of FIG. 1A, and FIG. 1C is a cross-sectional view of a 
modified prism array sheet 14A applicable in the present invention. 

[0058] FIGS. 2A and 2B are views showing a proper condition (2A) 
and an improper condition (2B) for tilt faces of the prism array sheet 
used for the display device of the embodiment of the present invention. 

[0059] FIG. 3 is a view showing the positional relationship between 
an incident principal ray and a regular reflection ray observed when a 
light source is located at a position normal to the tilt faces of the prism 
array sheet 14. 

[0060] FIGS. 4A and 4B are schematic illustrations of use of the re- 
flective display device of the present invention as a monitor of a note- 
book PC (4A) and as a display panel of an information portable terminal 
(4B). 
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[0061] FIG. 5 is a view showing how display is done using light 
from an illuminator placed outside the display device in Embodiment 1 
of the present invention. 

[0062] FIG. 6 is a view showing a case of using a prism array sheet 
having different tilt angles in the display plane in the reflective display 
device of the present invention. 

[0063] FIGS. 7A, 7B, 7C, and 7D are views of examples of the 
shape of the tilt faces of the prism array sheet. 

[0064] FIG. 8A is a perspective view of a prism array sheet, and 
FIG. 8B is a view combining a partial plane view of the prism array 
sheet of FIG. 8A and side views observed at positions X and Y in FIG. 
8A. 

[0065] FIGS. 9A and 9B show another prism array sheet, where 
FIG. 9A is an enlarged perspective view of prisms a, b, and c and FIG. 
9B is a view combining a plane view and side views of the prism array 
sheet. 

[0066] FIGS. 10A, 10B, and 10C are views showing the light path 
of a principal ray observed when no treatment is made for the faces of 
the prism array sheet other than the tilt faces having a tilt angle a 
(10A), when an absorption layer is formed on each of these faces (10B), 
and when a reflection layer is formed on each of these faces (10C). 

[0067] FIG. 11A is a plane view showing an array of color filters of 

14 



the display device 1, FIG. 11B is a plane view of the prism array sheet, 
and FIG. 11C is a view showing the positional relationship between the 
color filters and the prism array sheet. 

[0068] FIG. 12 is a schematic cross-sectional view of a reflective 
display device of Embodiment 2 of the present invention. 

[0069] FIGS. 13A and 13B are views showing functions obtained by 
flattening the surface of a prism array sheet in Embodiment 3 of the pre- 
sent invention. 

[0070] FIG. 14 is a schematic cross-sectional view of a reflective 
display device of Embodiment 4 of the present invention. 

[0071] FIG. 15 is a schematic cross-sectional view of a reflective 
display device of Embodiment 5 of the present invention. 

[0072] FIG. 16 is a schematic cross-sectional view of a reflective 
display device of Embodiment 6 of the present invention. 

[0073] FIG. 17 is a view of a conventional reflective display device. 

[0074] FIG. 18 is a schematic cross-sectional view of a modified re- 
flective display device of Embodiment 4 of the present invention. 

[0075] FIG. 19 is a schematic cross-sectional view of a reflective 
display device of Embodiment 8 of the present invention. 

[0076] FIG. 20 is a schematic cross-sectional view of a reflective 
display device as a comparative example. 
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[0077] FIGS. 21A and 21B are cross-sectional views in the vertical 
direction and the lateral direction, respectively, of a reflective display 
device of Embodiment 9, and FIG. 21C is a partial perspective view of a 
prism sheet 106, 

[0078] FIG. 22 is a schematic cross-sectional view of a modified re- 
flective display device of Embodiment 9 of the present invention. 

[0079] FIG. 23 is a schematic cross-sectional view of a reflective 
display device of Embodiment 10 of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0080] Hereinafter, preferred embodiments of the present invention 
will be described with reference to the accompanying drawings. 

(Embodiment 1) 

[0081] FIG. 1A is a partial perspective view schematically illus- 
trating a reflective liquid crystal display device 1 of Embodiment 1 of 
the present invention. FIG. IB is a cross-sectional view of the reflective 
liquid crystal display device 1 of FIG. 1A taken along line IB-IB'. As 
shown in FIG. 1A ? an X-Y-Z coordinate system is defined for the reflec- 
tive liquid crystal display device 1 positioned so that a displayed image 
(for example, alphabets A, B, C) is correctly observed. Typically, the X- 
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axis direction represents the direction of columns of pixels arranged in a 
matrix, the Y-axis direction represents the direction of rows of pixels, 
and the Z-axis direction represents a direction 130 normal to a display 
plane. Herein, the sides of the display plane corresponding to 12 o'clock 
and 6 o'clock when the display plane is assumed as a clock dial are 
called "upper" and "lower" sides, respectively, and the sides corre- 
sponding to 3 o f clock and 9 o'clock are called "right" and "left" sides, 
respectively. The X-Y plane is defined in the display plane, where the X 
axis extends in the "vertical" direction and the Y axis extends in the 
"lateral" direction. The display plane as used herein refers to a plane 
parallel to two substrates 3 and 4 (see FIG. IB) of the display device 1. 
The observer observes the display device 1 at a position on the side of 
the display device 1 opposite to a reflective electrode 9 with respect to a 
display layer 2 (see FIG. IB). For observation, illuminating light from 
an illuminator located at an arbitrary position outside the display device 
1 is used. The illuminator may be sun or a lighting on a ceiling, or a 
specific light source integrated with the display device 1. As used 
herein, the "observer-side surface of a prism array sheet 14", for exam- 
ple, refers to the principal plane of the prism array sheet 14 having a 
plurality tilt faces 120. 

[0082] Hereinafter, the reflective liquid crystal display device 1 

will be described with reference to FIGS. 1A and IB. 
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[0083] In Embodiment 1, described is the case that the tilt faces of 
the prism array sheet are in contact with the air, that is, an interface is 
formed between the prism array sheet and the air. The reflective liquid 
crystal display device 1 includes the prism array sheet 14 placed on the 
front surface (observer-side surface) of a reflective liquid crystal display 
device of the type using a single polarizing plate. As shown in FIG. IB, 
the liquid crystal layer 2 is sandwiched by the pair of substrates 3 and 4. 
A transparent electrode 6 and an alignment film 7 are formed on the sur- 
face of the observer-side substrate 3 closer to the liquid crystal layer 2. 
A resin layer 8, a reflective pixel electrode 9, and an alignment film 10, 
all in an uneven shape, are formed on the surface of the counter substrate 
4 closer to the liquid crystal layer 2. The liquid crystal layer 2 includes 
a nematic liquid crystal material having positive dielectric anisotropy 
sealed therein, which is aligned, while being twisted, according to the 
aligned direction of the alignment film 7. Active (switching) elements 
11 such as TFTs and MIMs are formed in a matrix below the resin layer 8 
for switching every pixel. 

[0084] When a voltage is applied across the display device 1, which 
has the electrodes 6 and 9 formed on the surfaces of the substrates 3 and 
4 closer to the liquid crystal layer 2, an electric field is generated verti- 
cally to the substrates 3 and 4. This causes change in the orientation 
state of liquid crystal molecules and thus enables switching. In this em- 
bodiment, the cell thickness between the upper and lower substrates was 
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4.5 fJL m. The uneven-shaped reflective pixel electrode 9 serving as a re- 
flecting/scattering element was formed to have an "isotropically scat- 
tering" characteristic that "scatters" light in directions neighboring the 
direction of the regular reflection as the center. Specifically, a plurality 
of convex portions 5 made of a resin or the like were formed on the sur- 
face of the substrate 4, and then a film made of Al was applied to the 
surface having the convex portions, to thereby provide the reflective 
pixel electrode 9 in an uneven shape. 

[0085] An appropriate retardation plate (or film) 12 and polarizing 
plate 13, and the prism array sheet 14 are placed on the observer-side 
surface of the observer-side substrate 3 in this order at an appropriate 
angle. The prism array sheet 14 has faces tilted with respect to the dis- 
play plane on the observer-side surface thereof. The prism array sheet 
14 is made of a transparent base material having a refractive index dif- 
ferent from that of an adjacent layer in contact with the prism array 
sheet 14 (an air layer in this embodiment). The refractive index there- 
fore changes at the interface between the prism array sheet 14 and the 
adjacent layer in contact therewith. 

[0086] Any of TN, STN, and ECB may be adopted as the display 
mode of the display device 1. The retardation plate 12, the polarizing 
plate 13, and the prism array sheet 14 may be bonded to the observer- 
side surface of the substrate 3 with an appropriate adhesive. In addition, 
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when the observer-side surface (having a plurality of the tilt faces 120) 
of the prism array sheet 14 contacts with the air as shown in FIGS.1A 
and IB, at least the tilt faces 120 are preferably subjected to anti- 
reflection (AR) treatment or anti-glare (AG) treatment. By such treat- 
ment, occurrences of reflection of an image in the display and surface 
reflection can be reduced, and thus high-quality display can be obtained. 
The AR or AG treatment of the observer-side surface of the prism array 
sheet 14 is practically realized by forming a desired film on the ob- 
server-side surface of the prism array sheet 14. 

[0087] As shown in FIGS. 1A and IB, by the existence of the prism 
array sheet 14 at the observer-side surface of the display device 1, a 
principal ray of incident light (indicated by arrow A in FIG. IB) in the 
display device 1 is allowed to outgo in a direction (indicated by arrow B, 
which is close to the normal to the display plane) different from the di- 
rection of the regular reflection (shown by arrow C). Therefore, display 
light and regular-reflected light of a principal ray incident from an ex- 
ternal illuminator are prevented from simultaneously entering the ob- 
server's eyes, and thus the display quality improves. 

[0088] The basic construction of the display device 1 of Embodi- 
ment 1 is similar to that of the conventional reflective liquid crystal dis- 
play device of the type using a single polarizing plate, except that the 
prism array sheet 14 is provided. Therefore, the display operation is 
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similar to that of the conventional display device having no prism array 
sheet. 

[0089] The prism array sheet 14 at the front surface (observer-side 
surface) of the display device 1 is constructed of a plurality of prisms 
arranged in a stripe shape. The surface of the prism array sheet 14 is 
composed of alternate repetition of faces tilted by a predetermined angle 
a with respect to the display plane (tilt faces 120) and the other faces 
(denoted by 121) of which the tilt angle is not specifically defined, to 
form a "sawtooth" section. A direction 120N normal to any of the tilt 
faces 120 is tilted toward the lower side of the display plane with respect 
to the direction 130 normal to the display plane. The shape of the prism 
array sheet usable in this embodiment is not limited to that described 
above, but prism array sheets in various shapes can be used. 

[0090] An example of the prism array sheets usable in this embodi- 
ment will be described with reference to FIG. 1C. FIG. 1C is a cross- 
sectional view of a modified prism array sheet 14A usable in this em- 
bodiment, taken in the direction of the array of the prisms. The prism 
array sheet 14A has a plurality of tilt faces 120a, 120b, 120c, and 120d. 
The heights ha, hb, he, and hd of the tilt faces 120a, 120b, 120c, and 
120d at the geometric center of gravity shown in FIG. 1C gradually in- 
crease in the direction of the array of prisms (ha<hb<hc<hd). By using 
the prism array sheet 14A in the shape of a rough wedge as a whole, also, 
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the principal ray of light incident on the display device 1 is allowed to 
outgo in a direction different from regular-reflected light from the front 
surface of the display device 1. In this way, the reflected principal ray 
can be separated from regular-reflected light of an external illuminator. 
The "direction of the array of prisms of the prism array sheet" as used 
herein refers to the direction vertical to a plurality of ridges 124 on the 
surface of the prism array sheet 14, and 14A, shown by arrow F in FIGS. 
1A and 1C. 

[0091] The brightness of display as observed by the observer can be 
properly improved by appropriately setting the tilt angle oc of the tilt 
faces 120, the refractive index nl of the prism base material, the direc- 
tion of the array of prisms, and the like of the prism array sheet 14. 
However, in the setting of the tilt angle a of the tilt faces 120 and the 
refractive index nl of the prism base material, it should be noted that the 
prism array sheet 14 must have a shape that allows "a light ray incident 
from an illuminator (main light source) to outgo in a direction toward 
the position of the observer (observer direction). To state inversely, "a 
light ray incident from the observer direction on the observer side must 
be allowed to outgo back to the observer side without being totally re- 
flected when it outgoes from the prism array sheet". 

[0092] The above condition will be examined using the case that the 
tilt faces of the prism array sheet 14 are exposed outside (in contact with 
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the air). Specifically, assuming that the observer direction is the direc- 
tion normal to the display device, the path of a light ray outgoing in the 
observer direction is traced retrospectively. That is, a light ray is intro- 
duced into the display device from the observer direction (normal to the 
display device), and whether or not the incident light ray is allowed to 
outgo back from the display device is examined. 

[0093] Light incident from the direction normal to the display de- 
vice enters the display device 1 after being refracted by a tilt face of the 
prism array sheet 14 as the front surface of the display device 1. The 
angle of this refraction is determined by the tilt angle ol and the refrac- 
tive index nl of the prism array sheet 14. The incident light is scat- 
tered/reflected by the reflective pixel electrode 9 in the display device 1. 
The principal ray of the light is reflected in the regular reflection direc- 
tion and reaches a tilt face of the prism array sheet 14 again. At this 
time, if the angle at which the principal ray reaches the tilt face of the 
prism array sheet 14 is smaller than a total reflection angle arcsin(l/nl) 
at the interface with the air, the principal ray is allowed to outgo back to 
the observer side as shown in FIG. 2A. Since expression 

<t> = 2 a - arcsin(sin a /nl) (1) 
is derived from the SnelFs Law, 

2a- arcsin(sin a/nl) < arcsin(l/nl) (2) 
is the condition that the shape and the refractive index of the base mate- 
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rial of the prism array sheet must satisfy to ensure a light ray incident 
from the observer direction (normal to the display device) to outgo back 
to the observer side. If the angle 4> at which a principal ray reflected 
from the reflection surface reaches a prism is greater than the total re- 
flection angle, the principal ray is totally reflected at the interface of the 
prism as shown in FIG. 2B, failing to return to the observer side. This 
darkens the display. 

[0094] Therefore, the angle a of the tilt faces with respect to the 
display plane and the refractive index nl of the prism array sheet 14 
must satisfy expression (2) above when the medium existing immediately 
above the prism array sheet 14 is the air and the reflective pixel elec- 
trode 9 reflects light in directions neighboring the direction of the regu- 
lar reflection as the center. 

[0095] To attain display with high brightness in a reflective display 
device, the outgoing angle of the principal ray described above play an 
important role. As described earlier, the condition that "a light ray inci- 
dent from a main illuminator is allowed to outgo in the observer direc- 
tion" inversely means that "a light ray incident from the observer 
direction (normal to the display device) is allowed to outgo back to the 
observer side without being totally reflected when it outgoes from the 
prism array sheet". Therefore, it is desirable to design the prism array 
sheet so that the principal ray of illuminating light incident from the di- 
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rection normal to the display device outgoes mainly to the observer side. 

[0096] In a reflective display device, the brightness of display lar- 
gely depends on the position of an illuminator and the distribution there- 
of in the observation environment. Therefore, by setting the display 
device so that light is admitted from the direction in which an illumina- 
tor may exist with high probability, display with high brightness will be 
attained with high probability. The angle at which an external illumina- 
tor faces to a display panel largely depends on the use of the panel and 
the angle at which the panel is tilted when used. It is therefore prefer- 
able to determine the tilt angle and refractive index of the prisms de- 
pending on the use, and design properly so that light outgoes to the 
direction in which a main illuminator may exist with high probability. 

[0097] Moreover, as is found from FIG. 2A, when the prism array 
sheet 14 is placed to be in contact with the air, the principal ray incident 
from the observer direction (normal to the display device) outgoes from 
the display device in a direction which is different from the direction 
120N normal to the tilt faces (direction tilted toward the lower side of 
the display plane with respect to the direction 130 normal to the display 
plane). If the light path is traced retrospectively, this indicates that in 
order to allow the principal ray to outgo in the direction normal to the 
display device, the prism array sheet 14 should be placed so that the 
principal ray is incident from a direction which is different from the di- 
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rection 120N normal to the tilt faces with respect to the normal to the 
display plane. If the principal ray is incident from the direction 120N 
normal to the tilt faces, the principal ray outgoes in a direction at an an- 
gle wider than the direction of the regular reflection, failing to outgo in 
the observer direction (normal to the display device). To state more spe- 
cifically, when the observer views the display at a position normal to the 
display plane, in an environment that light is incident on the display de- 
vice from a direction tilted toward the upper side of the display plane 
with respect to the direction 130 normal to the display plane (see FIG. 
1A, 0<Y<180° , 0<#<90° ), the prism array sheet 14 should be placed 
so that the direction 120N normal to the tilt faces 120 is tilted toward 
the lower side of the display plane with respect to the normal to the dis- 
play plane (180° <Y<360° , 0< 6 <90° ). On the contrary, when the 
observer views the display at a position normal to the display plane, in 
an environment that light is incident on the display device from a direc- 
tion tilted toward the lower side of the display plane with respect to the 
direction 130 normal to the display plane, the prism array sheet 14 
should be placed so that the direction 120N normal to the tilt faces 120 
is tilted toward the upper side of the display plane with respect to the 
normal to the display plane. 

[0098] The reflective display device disclosed in Japanese Laid- 
Open Patent Publication No. 8-95035 described above has a precondition 
that a light source is placed at a position close to the normal to the tilt 

26 



faces of the prism array sheet 90. Therefore, the principal ray outgoes in 
a direction greatly deviated from the direction normal to the display 
plane, and thus display brightness is not sufficient in front of the display 
device. On the contrary, in this embodiment, as shown in FIG, IB, a 
major ray of light incident on the display panel enters a prism at an an- 
gle sufficiently tilted from the direction 120N normal to the tilt faces 
(direction indicated by arrow A), and the principal ray outgoes in a di- 
rection roughly normal to the display device (direction indicated by ar- 
row B). This improves the display brightness in front of the display 
device. 

[0099] As described earlier, in a reflective display device using re- 
flection of external light for display, the angle at which an illuminator 
exists with respect to the display device is different depending on the 
use of the display device, and it is presumed that there may be an angle 
range in which a light source exists with high probability. Therefore, by 
appropriately setting the angle at which light is incident on the prism ar- 
ray sheet placed on the display device depending on the use of the dis- 
play device, and designing so that the light incident at this angle is 
properly reflected in the observer direction, high-quality display with 
high brightness can be provided for the observer. Since reflective dis- 
play devices have features of being thin and lightweight and usable with 
a battery for a prolonged period of time, they are often used as monitors 
of portable equipment such as notebook PCs and information terminals. 
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In consideration of this, in order to ensure display with high brightness, 
it is first necessary to examine the angle at which such equipment is 
used and the illumination environment during the use of such equipment. 

[0100] For example, in the case of a monitor of a notebook PC, the 
user generally tilts the monitor to a comparatively large angle (about 70 
degrees from the horizontal plane) as shown in FIG, 4A. It is therefore 
presumed with high probability that external light may be incident on the 
monitor from a direction tilted toward the upper side of the display plane 
with respect to the normal to the display plane by an angle of 0 to 90 de- 
grees, where the light is not blocked by the observer. In consideration of 
the tilt angle a of the prisms, it is concluded that for the use for a note- 
book PC, the tilt angle a and the refractive index of the prism array sheet 
should be designed so that the outgoing angle 6 out of the principal ray 
of light incident from the observer direction (normal to the display de- 
vice) falls in the range of 0 to (90- a ) degrees ( 9 otlt = arcsin[nl *sin{2 a 
-arcsin(sin a /nl)} ]- a). 

[0101] In the case of a monitor of equipment normally tilted to a 
comparatively small angle (about 30 degrees from the horizontal plane) 
such as an information portable terminal as shown in FIG. 4B, it is pre- 
sumed with high probability that external light may be incident on the 
display device at an angle smaller than the case of a notebook PC. 
Therefore, the prism array sheet may be designed so that the outgoing 
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angle 0 oyt is a little smaller than the case of a notebook PC, The illumi- 
nation environment varies depending on the use environment of the dis- 
play panel. In the case of a reflective display device equipped with no 
special illumination device, however, an illuminator is generally located 
at an upper position, such as in the sky and on a ceiling. Moreover, ex- 
ternal light is not likely to be incident from directions deviated toward 
the lower side of the display plane with respect to the normal to the dis- 
play panel, where the light is blocked by the observer. In view of these 
facts, it is appropriate to conclude that the light source may exist at a 
position deviated toward the upper side of the display plane with respect 
to the normal to the display panel. In other words, under the normal 
conditions, the outgoing angle 9 out of the principal ray of light incident 
from the observer direction (normal to the display device) is desirably 
tilted a little to an angle in the range of the upper quarter-sphere (0<Y 
<180° , 0<<9<90° ) opposite to the position at which the observer ob- 
serves the display device (lower quarter-sphere, 180° <^ r <360° , 0< 6 
<90° ). In consideration of the tilt angle ct of the prism array sheet, the 
outgoing angle may be 0< 6 out <(90- ot ). 

[0102] By designing the direction and angle of the tilt faces and the 
refractive index of the prism array sheet under the above conditions, it is 
possible to attain display with high brightness in the actual panel use 
environment. 
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[0103] The present inventors examined a preferable range of the 
outgoing angle of light incident from the direction normal to the display 
device considering various uses of the display device. As a result, in the 
case of the use for notebook PCs, it was found that display with high 
brightness was possible when the outgoing angle was in the range of 
about 15 to about 45 degrees. In the case of equipment such as portable 
information terminals in which the tilt angle of the display plane with 
respect to the horizontal plane is comparatively small, external light is 
incident on the display device at a lower angle compared with the case of 
notebook PCs. In this case, therefore, assuming that light is incident 
from the direction normal to the display device, the outgoing angle may 
be smaller than the case of notebook PCs. According to the examination 
by the inventors, it was found that display with high brightness was pos- 
sible when the outgoing angle was 10 degrees or more. 

[0104] As described above, assuming that light is incident from the 
direction normal to the display device, the outgoing angle may be 10 de- 
grees or more. This outgoing angle can be realized by using the prism 
array sheet 14 having a tilt angle oc of 7 degrees or more with respect to 
the display plane when the prism array sheet 14 has a practical refractive 
index (1.3 to 1.7) and is in contact with the air. 

[0105] A panel was actually mounted at a tilted position in a plu- 
rality of environments considering practical panel use conditions, and 
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the brightness in front of the panel was measured and compared between 
the case of placing a prism array sheet on the panel surface and the case 
of placing no prism array sheet, as shown in Table 1 below. As a result, 
the case of placing a prism array sheet exhibited a value higher than the 
case of placing no prism array sheet by 1.2 to 1.9 times. Thus, the effect 
of the present invention was confirmed. 



Table 1 



Measurement 
Environment 


Indoors A 

(conference 

room) 


Indoors B 
(near win- 
dow) 


Inside car 


Outdoors 

(fine 

weather) 


Degree of 
Brightness 
Improvement 
(over prior 
art) 


1.5 


1.3 


1.9 


1.2 



[0106] The display device described in this embodiment was des- 
igned so that light incident on the display device from a main light sour- 
ce outgoes in the observer direction, in consideration of the tilt angle of 
the display device when used and the illumination environment sur- 
rounding the display device, only using the function of the prism array 
sheet. However, the position and distribution of external illumination 
(light source) are very complicate and vary depending on the location at 
which the display device is used and the illumination environment sur- 
rounding the location. When the scattering/reflecting element (reflective 
pixel element 9) having an isotropic scattering characteristic that "scat- 
ters" light in directions neighboring the direction of the regular reflec- 
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tion as the center is used, as in Embodiment 1, the display brightness for 
the observer may improve compared with the conventional case by ad- 
justing the direction and angle of the tilt faces and the refractive index 
of the prism array sheet. However, by only this adjustment, it is not 
possible to realize a more idealistic distribution of angles at which the 
display device captures illumination. In order to realize a more compli- 
cate illumination-capturing angle distribution and optimize this distribu- 
tion to provide display with high lightness in a variety of use 
environments, it is necessary to take some measures such as providing 
anisotropy to the scatting/reflecting characteristics of a scattering ele- 
ment and a reflection element and adjusting the gain. Moreover, it is de- 
sirable to design so that light incident on the display device from a main 
light source outgoes in the observer direction that is different from the 
direction of the regular reflection, by combining the prism array sheet 
with the reflection element and the scattering element, that is, by ex- 
erting the overall function of the prism array sheet, the reflection ele- 
ment, and the scattering element. 

[0107] The prism array sheet 14 used in Embodiment 1 has a saw- 
tooth shape formed by alternately repeating tilt faces tilted at a prede- 
termined angle a and the other faces of which the tilt angle is not 
specified. The prism array sheet of this shape can be produced by em- 
bossing an acrylic resin (nl = 1.492) as a base material. As the base 
material, materials other than the acrylic resin, such as PEN (nl = 1.66) 
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manufactured by Teijin Ltd., ARTON F (nl = 1.51) manufactured by JSR 
Corp., and an UV-curable resin having an arbitrary refractive index, may 
be used. Materials good in transparency, moldability, and mechanical 
strength may also be used, including materials other than plastics, such 
as glass and magnesium fluoride. It should however be noted that by 
placing a prism array sheet, reflection occurs at the interface of the 
prism array sheet. To prevent this interface reflection, therefore, the re- 
fractive index of the prism array sheet should desirably match with that 
of a polarizing plate and a glass substrate on which the prism array sheet 
is placed. 

[0108] The surface of the prism array sheet 14 is bare, not being 
flattened with a resin or the like. That is, the tilt faces of the prism ar- 
ray sheet 14 are in contact with the air (n = 1.0). In this embodiment, 
the pitch PI of the prisms was 65 Mm, and the tilt faces 120 was flat 
with a tilt angle a of 25 degrees. The pitch PI of the plurality of 
prisms arranged in a stripe shape refers to the distance between the 
geometric centers of gravity of the adjacent tilt faces 120 as shown in 
FIG. 2A, which corresponds to the width of one prism. The other faces 
121 are formed to stand vertical to the display plane. Having this shape 
of the prism array sheet, the principal ray of light incident from the di- 
rection normal to the display plane reaches one of the prism tilt faces 
120 at an angle <£> of 33.5 degrees, and outgoes from the panel at an out- 
going angle 9 otlt of 30.5 degrees after being refracted at the interface 
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between the air and the prism. Thus, in this embodiment, the angle <f> at 
which light incident from the direction normal to the display plane 
reaches the prism interface again is sufficiently smaller than the total re- 
flection angle of 42.1 degrees, and the outgoing angle 6 out is 0< 9 out <75 
degrees. In this embodiment, an adhesive layer having the refractive in- 
dex which matches with that of the prism array sheet 14 is formed on the 
back surface (surface opposite to the sawtooth- shaped surface) of the 
prism array sheet 14, and the prism array sheet 14 is bonded to the po- 
larizing plate via the adhesive layer, 

[0109] In the embodiment described above, assuming the case of 
observing a display panel by use of only external illumination in an ac- 
tual environment, a light source was determined to be located at an angle 
tilted toward the upper side of the display plane with respect to the nor- 
mal to the display plane, that is, at a position opposite to the position of 
the observer with respect to the normal to the display plane. However, 
this is not applied to a reflective display device provided with an illumi- 
nator in advance in association with the panel. For example, FIG. 5 
shows an information unit 20, such as an open/close type notebook PC, 
integrated with a specific light source 23 at an input part 22 located be- 
low a display part 21 for illuminating the display panel. In this case, the 
prism array sheet 14 having a tilt angle a is preferably placed so that 
the direction 120N normal to the tilt faces 120 is tilted toward the upper 
side of the display plane with respect to the direction 130 normal to the 
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display plane. By this setting, a larger amount of light incident from the 
direction tilted toward the lower side of the display plane with respect to 
the normal to the display plane is allowed to outgo in the observer di- 
rection, and thus the brightness further improves. 

[0110] The angle of the other faces 121 that are not defined by the 
tilt angle a of the prism array sheet 14 is not specifically restricted. 
However, as described above, the angle is desirably roughly vertical to 
the display plane. The reasons are for minimizing the area of these faces 
viewed by the observer when he or she observes the display and for re- 
ducing the area of these faces facing to a light source is viewed, to 
minimize loss of light in display. 

[0111] The tilt angle of the prisms may gradually be changed in the 
display plane. This will be described with reference to FIG. 6. Since 
the display panel is flat, the angle at which an illuminator 25 (especially, 
a point light source) is faces to the display panel differs between the up- 
per side and the lower side of the display panel. In an illumination envi- 
ronment in which only a specific point light source exists during 
observation of the display panel, light is incident on positions of the 
display panel at different angles depending on the coordinates of the 
positions in the display plane. Therefore, the light amount reflected 
back to the observer differs depending on the coordinates, generating a 
brightness distribution in the display area. This problem can be over- 
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come by designing as shown in FIG. 6 where the tilt angle of the prisms 
is gradually changed in the display plane so that the entire panel returns 
the light in the observer direction. By adopting this design, no variation 
in brightness over the entire panel occurs, and thus high-quality display 
can be attained. 

[0112] In general, as shown in FIG. 6, the angle at which the light 
source faces to the display panel is greater on the lower side of the panel 
than on the upper side. Therefore, the tilt angle may be made gradually 
greater from the upper side toward the lower side of the panel (al<a 
2< a 3< a 4< a 5). This technique of changing the tilt angle in the 
display plane is especially effective when adopted for a stationary 
display device with a large display screen where the location on which 
the panel is mounted, the angle at which the panel is oriented, and the 
position of the light source have been fixed. 

[0113] In Embodiment 1 described above, the tilt faces 120 of the 

prisms are flat. The present invention is not limited to this, but the 
prism tilt faces 120 may be curved. FIGS. 7A, 7B, 7C, and 7D show ex- 
amples of applicable shapes of the tilt faces 120. The prism tilt faces 
may be curved as shown in FIGS. 7B, 7C, and 7D, in addition to being 
flat as shown in FIG. 7A. The curve may be of a convex shape (FIG. 
7B), a concave shape (FIG. 7C), or a convex/concave combined shape 
(FIG. 7D). Note however that any tilt angle of the curve must be set so 



36 



that incident light from the direction normal to the panel is allowed to 
outgo back from the panel. 

[0114] Using the curved prisms as described above is equivalent to 
using prisms having different tilt angles. This provides a distribution 
for the incident direction of the principal ray on the display layer 2, and 
as a result, the outgoing angle of the incident light ray from the display 
layer 2 varies in the parallel direction of the display plane. More spe- 
cifically, a light ray incident on a position of a curved face in which the 
angle formed between the tangent at the position and the bottom surface 
of the prism is small outgoes in a direction of which the polar angle 8 is 
small. On the contrary, a ray incident on a position of a curved face in 
which the tilt angle is large outgoes in a direction of which the polar an- 
gle 6 is large. The polar angle as used herein refers to the angle 6 
shown in FIG. 1A. 

[0115] The prism array sheet described above had a stripe shape in 
a sawtooth section, in which the directions normal to the tilt faces ex- 
tend in the same direction. The present invention is not limited to this. 
For example, prism array sheets having a fixed tilt angle & of 20 de- 
grees in which the normal vectors to the tilt faces point in a plurality of 
directions were examined as follows. In this examination, the other 
faces 121 of the prism array sheet was made vertical to the display plane 
so that they were not directly observed when the display panel was ob- 
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served from the observer direction. As for the shape of the prisms, a 
shape obtainable by closest packing on a flat surface is preferable from 
the standpoint of effective use of the incident light. FIGS. 8A and 8B 
and FIGS. 9A and 9B illustrate prism array sheets actually examined. 
FIG. 8A is a perspective view of a prism array sheet, and FIG. 8B is a 
view combining a partial plane view of the prism array sheet of FIG. 8A 
and side views observed at positions X and Y in FIG. 8A. FIGS. 9A and 
9B show another prism array sheet, where FIG. 9A is an enlarged per- 
spective view of three prisms a, b, and c and FIG. 9B is a view combin- 
ing a plane view and side views of the prism array sheet. The arrows in 
FIGS. 8B and 9B extend on the tilt faces 120 from a portion closer to the 
bottom surface 122 of the prism array sheet toward a portion farther 
therefrom. 

[0116] Each of the prism array sheets described above was placed 
on the liquid crystal display device described in Embodiment 1, and the 
dependence of reflection brightness on the azimuth of the illumination 
axis was measured. As a result, confirmed was the effect that the dis- 
tribution of light capturing angles expanded in terms of the azimuth di- 
rection. The azimuth as used herein refers to the angle Y shown in FIG. 
1A. Thus, it was found that, by forming the tilt faces so that the vector 
normals to the tilt faces point in a plurality of directions (especially, 
azimuth directions) to provide anisotropy, the resultant reflective liquid 
crystal display device improved the brightness to the azimuth direction. 
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[0117] Although two examples were described with reference to 
FIGS, 8A, 8B, 9A, and 9B, the shape of the tilt faces is not limited to the 
illustrated ones. The brightness of the display can be improved by prop- 
erly designing the directions of the normal vectors to respective tilt 
faces of each unit of the prisms according to the use and the illumination 
environment of the device. 

[0118] Also confirmed was the effect that the display quality im- 
proved by forming an absorption layer on each of the faces roughly ver- 
tical to the display plane. This effect will be described with reference to 
FIGS. 10A, 10B, and 10C. As shown in FIG. 10A, when no absorption 
layer is formed, a light ray incident on the face 121 follows a path dif- 
ferent from that of a light ray incident on the tilt face 120 tilted at a pre- 
determined angle ol , and outgoes in a direction different from the 
observer direction (normal to the display device) as stray light. This 
stray light is not always free from influencing the display, but provides 
not some little influence because part of the stray light may reach the 
eyes of the observer depending on the angle at which he or she observes 
the display device. To avoid this influence, in this embodiment, as 
shown in FIG. 10B, an absorption layer 32 is formed on each face 121 
roughly vertical to the display plane for absorbing such stray light. As a 
result, unnecessary light influencing the display is cut by the absorption 
layer 32, and thus the display quality improves. 
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[0119] In the reflective liquid crystal display device of FIG. 10B ? 
the absorption layer 32 was formed on each face 121 of the prism array 
sheet. Alternatively, each face 121 may be roughened to improve the 
display quality as in the case of forming the absorption layer 32. The 
reason is that light incident on the roughened face is scattered and there- 
fore the amount of light entering the prism array sheet 14 decreases. 
The faces 121 can be roughened in the following manner. The prism ar- 
ray sheet 14 is normally produced by embossing. The roughening of the 
faces 121 is performed by adjusting the roughed state of the surfaces of 
portions of a mold used for the embossing corresponding to the faces 121 
of the prism array sheet 14. Specifically, the surfaces of portions of the 
mold corresponding to the faces 121 are left unpolished. By using such 
a mold, the faces 121 are roughened. On the contrary, if the surfaces of 
portions of the mold corresponding to the faces 121 are polished, the 
faces 121 are flat without convex and concave portions. 

[0120] It was also recognized that the lightness of the display im- 
proved by forming a reflection layer on each face roughly vertical to the 
display plane. When no reflection layer is formed as shown in FIG. 10A, 
a light ray incident on the face 121 follows a path different from that of 
a light ray incident on the tilt face 120 tilted at a predetermined angle ct , 
and outgoes as stray light without contributing to improvement in the 
brightness of the display. However, as shown in FIG. 10C, by forming a 
reflection layer 41 on each face 121 roughly vertical to the display plane, 
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light incident on the face 121 is allowed to outgo in a direction close to 
the observer direction (normal to the display device). This improves ap- 
parent brightness of the display. The reflection layers 41 can be formed 
by performing oblique evaporation for the prisms using a mask. Alt- 
hough the prism array sheet is placed so that the principal surface (hav- 
ing a plurality of the tilt faces) of the prism array sheet faces to the 
ob server side in FIGS.10B and IOC, the configuration of the prism array 
sheet is not limited to this. The principal surface of the prism array 
sheet may face to the reflective electrode, and the absorption layer 32 
or the reflection layer 41 is formed on the faces 121 of the prism array 
sheet. Alternatively the faces 121 may be roughened. In this case, it is 
also possible to improve the apparent brightness of the display is im- 
proved. 

[0121] The present inventors also made examination for a preferable 
prism pitch, which will be described with reference to FIGS. 11A, 11B, 
and 11C. FIG. 11A is a plan view of an array of color filters formed in 
the display device 1. FIG. 11B is a plan view of the prism array sheet. 
FIG. 11C shows the positional relationship between the color filters and 
the prism array sheet. 

[0122] According to the survey conducted by the present inventors, 
the observer generally observes a liquid crystal display device at a dis- 
tance of about 30 cm. Also, it is known that an observer having normal 
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eyesight finds difficulty in recognizing the pixel pitch of 200 tfraof the 
display device at the observation distance of 30 cm. Therefore, when the 
observer observes the display device at the distance of 30 cm, the pitch 
of the prism array sheet will not be recognized by the observer as long as 
the prism pitch is 200 Mm or less. The pixel pitch as used herein refers 
to the distance between the geometric centers of gravity of adjacent pix- 
els as shown by P2 in FIG. 11A. In the illustrated example, the pixels 
are assumed to be square. The prism pitch as used herein refers to the 
distance between the geometric centers of gravity of adjacent tilt faces 
120 as shown by PI in FIG. 11B, which corresponds to the width of one 
prism. 

[0123] The prism pitch was actually examined, and as a result, it 
was found that when the prism pitch PI was greater than the pixel pitch 
P2, the fringes of the prisms in a stripe shape were conspicuous when 
the panel was observed, resulting in significant decrease in display 
quality. When the prism pitch PI was equal to or smaller than the pixel 
pitch P2, such prism fringes were hardly recognized when the panel was 
observed at a general distance, causing no decrease in display quality. 
Desirably, therefore, the prism pitch PI is equal to or smaller than the 
pixel pitch P2. 

[0124] A moire pattern is sometimes generated when the display 
panel is observed due to interference between the periodic structure of 
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prisms and the pixel pattern of the display device. To overcome this 
problem, the present inventors examined the prism pitch and the direc- 
tion of the array of the prisms in more detail. The period P of the moire 
pattern is represented by 

P = 1 / (1/P1 - 1/P2) (3) 

wherein PI is the prisms pitch and P2 is the pixel pitch of the display 
device. 

[0125] The problem of the moire pattern will be overcome if the 
period P of the moire pattern can be made smaller than the pixel pitch P2 
of the display device, that is, if the expression 

P2 > 1 / (1/P1 - 1/P2) (4) 

is satisfied. From this expression, the relationship of PI < P2/2 is de- 
rived. This indicates that if the prism pitch is smaller than a half of the 
pixel pitch, the moire pattern should be made inconspicuous. The pre- 
sent inventors produced prism arrays having different prism pitches, and 
performed subjective evaluation. As a result, it was confirmed that no 
moire pattern was observed when the prism pitch PI was smaller than 
P2/2. 

[0126] On the other hand, it was found that when the prism pitch PI 
was extremely small, diffracted light was generated from the prisms, and 
also, due to poor processing accuracy, the originally transparent prisms 
caused scattering, resulting in significant decrease in display quality. 
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The prism pitch therefore is preferably 5 /im or more. In consideration 
of this and the above condition, the prism pitch PI is preferably 5 tlm 
or more and also desirably less than a half of the pixel pitch P2 of the 
display device, 

[0127] Generation of the moire pattern can also be reduced by 
varying the pitches of the plurality of prisms of the prism array sheet 
(adopting random prism pitches). Also found is that the moire pattern 
disappears by placing the prism array so that the prism array direction 
denoted by 134 is a little oblique to the pixel array direction (row direc- 
tion denoted by 132R or column direction denoted by 132C) of the color 
filters as shown in FIGS. HA, 11B, and 11C, rather than completely 
matching these array directions. The present inventors actually pro- 
duced a display device including color filters printed obliquely by 25 
degrees with respect to the display portion and switching elements corre- 
sponding to the color filters formed on the counter substrate, and execut- 
ed display for the display device. As a result, good display free from a 
moire pattern was attained. Thus, the prism array direction 134 of the 
prism array sheet preferably does not match with the pixel array direc- 
tion 132R or 132C of the color filters. According to the examination by 
the inventors, the angle formed by the above two array directions is 
preferably about 5 to about 85 degrees. 
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(Embodiment 2) 

[0128] A reflective display device of Embodiment 2 of the present 
invention will be described with reference to FIG. 12. The prism array 
sheet in this embodiment additionally functions as a light-guiding plate 
for front light by using a light-guiding transparent material as the base 
material and adjusting the tilt angle of the prisms. As shown in FIG. 12, 
the reflective display device of Embodiment 2 includes a specific light 
source 52 made of a cold-cathode tube and a reflector 51 for reflecting 
light emitted from the specific light source 52 toward the light-guiding 
plate. These components 51 and 52 constitute a light introduction sec- 
tion and are placed on one side of the prism array sheet 14 functioning 
as the light-guiding plate. In this embodiment, the prism array sheet 14 
includes alternate repetition of tilt faces having a tilt angle a of 7 de- 
grees with respect to the display plane and the other faces having an an- 
gle of 40 degrees with respect to the display plane. The prism pitch is 
30 l± m. The area of the tilt faces having a tilt angle of 7 degrees is 
wider than that of the other faces as shown in FIG. 12. 

[0129] In the reflective display device with the above construction, 
a light ray incident on the prism array sheet 14 from the side thereof is 
totally reflected by a 40-degree tilted face to enter the display device, 
and after being reflected by a reflection element in the display device, 
outgoes from a wide 7-degree tilted face. In this way, bright display can 
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be provided. 



(Embodiment 3) 

[0130] In Embodiment 1, the surface of the prism array sheet 14 
was in direct contact with the air and had a sawtooth shape. Such an ex- 
posed uneven surface is susceptible to scratches and dirt, and therefore 
the prism array sheet 14 tends to deteriorate significantly. In this em- 
bodiment, the surface of the prism array sheet 14 is flattened with a 
transparent base material to protect the uneven surface thereof. 

[0131] As a transparent base material 61 covering the surface of the 
prism array sheet 14, it is suitable to use a material having a refractive 
index different from the refractive index nl of the material of the prism 
array sheet 14. The refractive index n2 of the transparent base material 
61 may be larger or smaller than the refractive index nl of the prism 
base material. Note however that as in Embodiment 1, the array direc- 
tion, the refractive index nl, and the tilt angle a of the prism array 
sheet 14 and the refractive index n2 of the flattening transparent base 
material 61 must be determined so that a light ray incident on the display 
device from an illuminator is allowed to outgo back to the observer side. 

[0132] Hereinafter, the conditions required for the refractive index 
nl and the tilt angle a of the transparent material used as the prism ar- 
ray sheet 14 and the refractive index n2 of the flattening transparent 
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base material 61 will be discussed taking the case that a light ray is inci- 
dent from the observer direction (normal to the display device) as an ex- 
ample, as in the discussion in Embodiment 1. A light ray incident on the 
display device passes straight through the flattening base material 61, 
and enters the display device after being refracted at the refractive index 
interface between the flattening base material 61 and the prism array 
sheet 14 in a direction determined by the tilt angle a and the refractive 
index nl of the prism array sheet 14 and the refractive index n2 of the 
flattening base material 61. The incident light ray is then re- 
flected/scattered inside the display device, while the principal ray there- 
of is reflected in its regular reflection direction to reach a tilt face of the 
prism array sheet 14. 

[0133] When the refractive index n2 of the flattening base material 
61 is greater than that of the air (n=1.0) and smaller than the refractive 
index nl of the prism array sheet 14 (1..0<n2<nl) as shown in FIG. 13A, 
the principal ray is allowed to outgo back to the observer side if the an- 
gle <fr ( 4> =2 a -arcsin(sin a 112/111)) at which the principal ray reaches 
the tilt face of the prism array sheet 14 is smaller than the total reflec- 
tion angle arcsin(n2/nl) at the interface between the prism array sheet 14 
and the flattening base material 61 and also the angle 7) (77 
=arcsin[(nl/n2) *sin{2 a - arcsin(sin a *n2/nl)}]- a ) at which the 
principal ray reaches the interface with the air to outgo is not smaller 
than the total reflection angle arcsin(l/n2) at the interface between the 

flattening base material 61 and the air. That is, satisfying both 
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material 61 and the air. That is, satisfying both expressions 

2 a-arcsin(sin a *n2/nl) < arcsin(n2/nl) (5) 

arcsin[(nl/n2) -sin{2a- arcsin(sin a -n2/nl)}] - a < arcsin(l/n2) (6) 

is the condition required for the shape of the prism array sheet 14 and 
the refractive indices of the base materials. As an example, a prism ar- 
ray sheet covered with a flattening base material was produced using 
PEN (nl = 1.66) manufactured by Teijin Ltd. as the base material of the 
prism array sheet 14 with a tilt angle a of 30 degrees, and CYTOP 
(n2=1.34) manufactured by Asahi Glass Co., Ltd. as the flattening base 
material 61, and was subjected to display indoors. As a result, good dis- 
play with high lightness was obtained. 

[0134] On the contrary, when the refractive index n2 of the flatten- 
ing base material 61 is greater than the refractive index nl of the trans- 
parent base material of the prism array sheet 14 (1.0^nl<n2) as shown 
in FIG. 13B, the principal ray is allowed to outgo back to the observer 
side if the angle <$> at which incident light reaches a tilt face of the 
prism array sheet 14, which is equal to the angle or, is smaller than the 
total reflection angle arcsin(nl/n2) at the interface between the prism ar- 
ray sheet 14 and the flattening base material 61 and also the angle V at 
which the principal ray reaches the interface with the air to outgo ( V - a 
-arcsin[(nl/n2) -sin{2 a - arcsin((n2/nl) -sin a)}]) is smaller than the 
total reflection angle arcsin(l/n2) at the interface between the flattening 
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base material 61 and the air. That is, satisfying both expressions 

a < arcsin(nl/n2) (7) 

a-arcsin[(nl/n2) -sin{2a- arcsin((n2/nl) -sin a)}] < arcsin(l/n2) (8) 

is the condition required for the shape of the prism array sheet 14 and 
the refractive indices of the base materials. The material of the prism 
array sheet 14 is not necessarily a solid, but may be the air, water, liquid 
crystal, or the like. As an example, a prism array sheet was produced 
using air (nl = 1.00) as the base material with a tilt angle a of 20 degrees, 
covered with the flattening base material 61 made of an acrylic resin 
(n2=1.49), and was subjected to display indoors. As a result, good dis- 
play with high lightness was obtained. 

[0135] In the above respective conditions, if either one of the criti- 
cal angle conditions is not satisfied, the incident light is totally reflected 
at the prism interface failing to return to the observer side, and as a re- 
sult the display is darkened. 

[0136] Thus, in this embodiment, by flattening the surface of the 
prism array sheet with a transparent material, it is possible to obtain the 
effect that the prism surface becomes less susceptible to scratches and 
dirt while retaining the effect of improving the lightness. Therefore, a 
more practical prism array sheet can be produced. 

[0137] As shown in FIG. 13B 5 when the refractive index n2 of the 
flattening base material 61 is greater than the refractive index nl of the 
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transparent base material of the prism array sheet 14 (1.05Snl<n2), the 
principal ray outgoes in the direction 120N normal to the tilt faces. This 
implies that, in order to direct light to outgo in the observer direction 
(normal to the display device), the prism array sheet 14 should be placed 
so that the direction 120N normal to the tilt faces having a tilt angle a 
points in the direction of the light source. 

[0138] An anti-reflection film or an anti-glare film may further be 
formed on the flattening base material 61 on the observer side of the 
display device to reduce occurrences of reflection of an image in the 
display and surface reflection. By forming such a film, high-quality dis- 
play is attained. 

[0139] Although the prism array sheet 14 having the refractive in- 
dex nl is placed so that the principal surface (having a plurality of the 
tilt faces) of the prism array sheet faces to the observer side and the 
principal face is covered with the flattening transparent base material 61 
having the refractive index n2 in FIGS.13B and 13B, the configuration 
of the display device of the present embodiment is not limited to this. 
The prism array sheet 14 having the refractive index n2 may be used in- 
stead of the flattening transparent base material 61 having the refractive 
index nl in FIGS.13B or 13B, and the flattening transparent base mate- 
rial 61 may be used instead of the prism array sheet 14 in FIGS.13B or 
13B. In this case, it is also possible to obtain the similar configuration 
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to that of the present embodiment. This modified display device is ob- 
tained, for example, by the following method: The prism array sheet 14 
having the refractive index n2 is placed so that the principal face of the 
prism array sheet 14 faces to the reflective electrode 9. The prism array 
sheet 14 is bonded to the device by the transparent adhesive resin having 
the refractive index nl. It should be noted that the anti-reflection film 
may preferably be formed on the observer surface of the display device 
which contacts with the air. 

(Embodiment 4) 

[0140] A reflective display device of Embodiment 4 of the present 
invention will be described with reference to FIG. 14. FIG. 14 is a 
schematic cross-sectional view of a reflective display device of this em- 
bodiment. As shown in FIG. 14, the prism array sheet 14 flattened with 
the transparent base material 61 is provided, not on the observer-side 
surface of the observer-side substrate 3, but between the observer-side 
substrate 3 and the liquid crystal layer 2. A light ray incident on the re- 
flective display device passes through the polarizing plate 13, the retar- 
dation plate 12, and the observer-side substrate 3, to reach the interface 
between the transparent base material 61 and the observer-side substrate 
3. The light ray is refracted at this interface and reaches the prism array 
sheet 14, where the light ray is refracted again and then incident on the 
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liquid crystal layer 2. The light ray is reflected by the reflective elec- 
trode 9 and passes back through the liquid crystal layer 2, to reach the 
prism array sheet 14, where the light ray is refracted toward the observer 
direction, that is, the direction normal to the display device, to outgo 
from the display device to the observer side. The polarizing plate and 
the retardation plate are placed so that incident light is circularly polar- 
ized by passing through these plates. This construction can prevent light 
reflected at the respective interfaces between the retardation plate, the 
glass substrate, the prisms, and the liquid crystal layer from outgoing 
back to the observer side, and thus improves the display quality. 

[0141] In this embodiment, PEN (nl = 1.66) was used as the base 
material of the prism array sheet 14, and CYTOP (n2=1.34) was used as 
the flattening base material 61. The tilt angle a of the prism faces was 
25 degrees, and the prism pitch was about 50 Mm. The resultant reflec- 
tive display device improved in parallax of display, and thus good dis- 
play with high lightness free from parallax was attained. 

[0142] In Embodiments 3 and 4, protection of the surface of the 
prism array sheet 14 was performed by flattening the uneven surface of 
the prism array sheet 14. Other methods can also be adopted to attain 
this objective. For example, the simplest method is to bond a protection 
sheet to the surface of the prism array sheet 14. In this method, however, 
when the prism array sheet 14 is to be in contact with the air so that an 
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interface is formed between the prism array sheet 14 and the air, the 
protection sheet must be bonded so as not to collapse the air layer inter- 
posed between the protection sheet and the prism array sheet. Specifi- 
cally, the protection sheet is bonded to the prism array sheet 14 via an 
adhesive so that the protection sheet comes into contact with ridges 124 
formed between the tilt faces 120 and the other faces 121 adjacent to the 
tilt faces 120. The contact area between the prism array sheet 14 and the 
protection sheet is preferably as small as possible, for the following rea- 
son. 

[0143] If the contact area between the prism array sheet 14 and the 
protection sheet is large, the adhesive force of the protection sheet to the 
prism array sheet 14 improves, but this reduces the area of the interface 
between the prism array sheet 14 and the air layer. In normal, the re- 
fractive index of the adhesive layer is roughly equal to that of the prism 
array sheet 14. Therefore, if the contact area between the prism array 
sheet 14 and the adhesive layer is large while the area of the interface 
between the prism array sheet 14 and the air layer is small, it may possi- 
bly be impossible to obtain the effect of the present invention of im- 
proving the front brightness (brightness in the direction roughly normal 
to the display plane) by utilizing the difference in refractive index be- 
tween the prism array sheet 14 and the air layer. In consideration of this, 
the contact area between the prism array sheet 14 and the protection 
sheet is preferably as small as possible. The protection sheet may even 
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be kept apart from contact with the prism array sheet 14 by being sup- 
ported by an encasement of the liquid crystal display device. Preferably, 
the observer-side surface of the protection sheet (surface opposite to that 
bonded to the prism array sheet 14) is AR-treated, to suppress reflection 
from the display plane and thus realize more easy-to-view display. 

[0144] The surface of the prism array sheet 14 may also be protect- 
ed by methods other than that described above of forming a protection 
sheet on the surface of the prism array sheet 14, For example, a hard 
coat may be provided on the surface of the prism array sheet 14, or a 
touch panel may be provided on the surface of the prism array sheet 14. 

[0145] As yet another method, as shown in FIG. 18, the retardation 
plate 12 and the polarizing plate 13 may be placed on the surface of the 
prism array sheet 14 to be used as the protection layer for the prism ar- 
ray sheet 14. The reflective liquid crystal display device of FIG. 18 is 
different from the liquid crystal display device 1 of FIGS. 1A and IB in 
that the retardation plate 12 and the polarizing plate 13 are placed on the 
observer-side surface of the prism array sheet 14. In the display device 
of FIG. 18, the retardation plate 12 is placed on the observer-side sur- 
face of the prism array sheet 14 having a plurality of tilt faces 120 so as 
to be in contact with the ridges 124 formed between the tilt faces 120 
and the adjacent other faces 121 of the prism array sheet 14. An air 
layer 105 is interposed between the tilt faces 120 of the prism array 
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sheet 14 and the retardation plate 12, The polarizing plate 13 is placed 
on the observer-side surface of the retardation plate 12. In the liquid 
crystal display device with the above construction, the prism array sheet 
14 is preferably made of an optically isotropic material, that is, a mate- 
rial having no birefringence. For example, the prism array sheet 14 may 
be made of PEN (nl = 1.66) manufactured by Teijin Ltd. or made of a tri- 
acetyl cellulose (TAC) film. The observer-side surface of either one of 
the retardation plate 12 and the polarizing plate 13, or preferably those 
of both thereof are desirably AR-treated. This suppresses reflection 
from the display plane and thus realizes more easy-to-view display. Alt- 
hough both the retardation plate 12 and the polarizing plate 13 were 
placed on the surface of the prism array sheet, the retardation plate 12 
may be placed as required. 

[0146] Thus, by placing the retardation plate 12 and the polarizing 
plate 13 to additionally function as the protection layer for the prism ar- 
ray sheet 14, the number of components can be reduced compared with 
the display device provided with a separate protection sheet or the like. 
This enables reduction in the cost, thickness, and weight of the resultant 
products. 

[0147] ; Although the prism array sheet 14 is placed so that the prin- 
cipal surface (having a plurality of the tilt faces) of the prism array sheet 
14 faces to the observer side in the fourth embodiment, the structure of 



55 



the display device is not limited to this. The prism array sheet 14 may 
be placed so that the principal surface faces to the reflective electrode 9. 
In this modified device, the protection sheet may be bonded to the back 
surface (the flat face having no tilt faces on the opposite side of the 
principal face) of the prism array sheet 14, or the observer-side substrate 
3, and so on may be bonded to the back surface. This improves the 
mechanical strength of the prism array sheet 14 itself. 

(Embodiment 5) 

[0148] A direct-view type reflective display device includes a scat- 
tering element somewhere in the display device. In Embodiments 1 to 4, 
the scattering element was realized by the reflective electrode having an 
uneven surface. Other types of scattering element can also be used. For 
example, the scattering element may be realized by a polymer-dispersed 
liquid crystal layer that modulates transmission/scattering, or by a scat- 
tering film composed of two or more materials having different refrac- 
tive indices. 

[0149] In this embodiment, the scattering element is realized by a 
polymer-dispersed liquid crystal layer, which will be described with ref- 
erence to FIG. 15. 

[0150] The reflective display device of this embodiment is substan- 
tially the same in construction as the reflective display device of FIGS. 
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1A and IB, except that an absorption layer 31 is formed on each of the 
faces of the prism array sheet 14 roughly vertical to the display plane, 
that a polymer-dispersed liquid crystal layer (liquid crystal/polymer 
combined scattering modulation layer) 81 is used, and that the resin 
layer 8 does not have an uneven surface, 

[0151] In this embodiment, the liquid crystal/polymer combined 
scattering modulation layer 81 was formed in the following manner. 
First, a liquid crystal material having positive dielectric anisotropy and a 
photopolymerizable material containing 2% of a photoinitiator are mixed 
at a ratio of 80:20 and dissolved together, A photopolymerizable materi- 
al exhibiting isotropy at room temperature was used, so that the mixture 
of the liquid crystal material and the photopolymerizable material ex- 
hibited isotropy at room temperature, 

[0152] The mixture was injected into a space between the two sub- 
strates 3 and 4, and then subjected to light irradiation such as UV irra- 
diation at room temperature to polymerize the photopolymerizable 
material and thus separate the polymer phase from the liquid crystal 
phase. As the UV irradiation, about 10 mW/cm 2 (365 nm) of UV was 
supplied for one minute while adjusting so that the intensity distribution 
was 5% or less in the display area. The layer showed a scattering state 
simultaneously with the occurrence of the phase separation, 

[0153] As the liquid crystal/polymer combined scattering modula- 
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tion layer 81, a polymer-dispersed liquid crystal material, a nematic- 
cholesteric phase transfer liquid crystal material, liquid crystal gel, or 
the like may be used. Further, the mode of modulating the liquid crystal 
layer between the transmission state and a state having at least scattering 
function is provided. Specifically, for example, a cholesteric liquid 
crystal material switching between the transmission and reflection states, 
which is provided with a light diffusing characteristic by controlling the 
domain size of liquid crystal molecules, may be used. Alternatively, a 
polymer-dispersed liquid crystal material having a holographic function 
switching between the transmission and reflection states, which is 
provided with a light diffusing characteristic by exposure to diffused 
light, may be used. A polymer-dispersed liquid crystal material is ob- 
tained by mixing and dissolving together a low molecular-weight liquid 
crystal composition and a non-polymerized prepolymer, injecting the 
mixture into a space between the substrates, and polymerizing the pre- 
polymer. The kind of the polymer-dispersed liquid crystal material is 
not specifically limited as long as it is obtained by polymerizing a pre- 
polymer. For example, usable is a cured product (UV-cured liquid crys- 
tal material) having a liquid crystalinity obtained by curing a mixture of 
an UV-curable prepolymer and a liquid crystal composition under irra- 
diation with an active light ray such as ultraviolet radiation. 

[0154] The thus-produced scattering/transmission switching type 
polymer-dispersed liquid crystal material was used as the liquid crystal 
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layer, and a mirror-surface reflective electrode 9 was placed on the back 
of the liquid crystal layer. The prism array sheet including the absorp- 
tion layer 31 formed on each of the vertical faces was placed on the ob- 
server-side substrate 3 of the display device, and display was performed. 
The other conditions for the placement of the prism array sheet were the 
same as those adopted in Embodiment 1. That is, the prism array sheet 
was made of an acrylic resin (nl = 1.492) as the base material, and had a 
sawtooth shape including alternate repetition of tilt faces tilted by a pre- 
determined angle a of 25 degrees with respect to the display plane and 
the other faces vertical to the display plane. The tilt faces were in con- 
tact with the air (n=1.0), and the pitch of the prisms was 50 Urn. The 
resultant display device succeeded in providing display with high light- 
ness. 

(Embodiment 6) 

[0155] FIG. 16 schematically illustrates a reflective display device 
of Embodiment 6 of the present invention. The reflective device of this 
embodiment is substantially the same as that of Embodiment 1 in con- 
struction, except that the reflective electrode 9 and the resin layer 8 are 
substantially flat and, to compensate this, a scattering film 71 is formed 
on the observer-side surface of the observer-side substrate 3, that is, on 
the surface opposite to the liquid crystal layer 2. As the scattering film 
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71, usable are a blend of two kinds of materials having different refrac- 
tive indices, such as polymethyl methacrylate and a styrene-acrylonitrile 
copolymer, controlled to have a spinodal decomposition structure, and a 
film obtained by dispersing spherical particulates of polystyrene in a 
matrix of polymethyl methacrylate. 

[0156] The resultant display device was subjected to display as in 
Embodiment 1, and as a result, good display was attained. 

(Embodiment 7) 

[0157] A reflective display device of Embodiment 7 is the same as 
that of Embodiment 1, except that a prism array sheet made of a material 
having a variable refractive index is used as the prism array sheet 14. 
Detailed description on the construction is therefore omitted in this em- 
bodiment. 

[0158] Specifically, a prism array sheet 14 filled with a material ca- 
pable of electrically modulating the refractive index (for example, a liq- 
uid crystal material) is formed to provide a function capable of 
electrically modulating the refractive index. This refractive index- 
variable prism array sheet 14 can electrically modulate the refractive in- 
dex and modulate the outgoing angle of an incident light ray. Therefore, 
by placing this prism array sheet 14 on the observer-side surface of the 
reflective display device, it is possible to modulate the angle at which an 
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illuminator faces to the display device depending on the occasion. Thus, 
the lightness of the display device can be adjusted depending on the il- 
lumination circumstances. 

(Embodiment 8) 

[0159] A reflective display device of Embodiment 8 will be de- 
scribed with reference to FIG. 19. The reflective display device of this 
embodiment is especially suitable for the environment where the bright- 
ness of a light source on the observer side is extremely high. 

[0160] As shown in FIG. 19, light 101 emitted from a light source 
25 with extremely high brightness is refracted by the prism array sheet 
14 and proceeds in the liquid crystal display device. The light 101 is 
partly reflected at all interfaces existing in the liquid crystal display de- 
vice while proceeding in the liquid crystal display device. In FIG. 19, 
for simplification, the reference numeral 102 denotes reflected light 
from the interface between the polarizing plate 13 and the prism array 
sheet 14, while the reference numeral 103 denotes collectively reflected 
light from all the interfaces existing between the polarizing plate 13 and 
the liquid crystal layer 2, that is, the interface between the polarizing 
plate 13 and the retardation plate 12, the interface between the retarda- 
tion plate 12 and the substrate 3, the interface between the substrate 3 
and the transparent electrode 6, the interface between the transparent 
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electrode 6 and the alignment film 7, and the interface between the 
alignment film 7 and the liquid crystal layer 2. The reference numeral 
104 denotes reflected light from the reflective electrode 9 on the surface 
of the liquid crystal layer 2 opposite to the observer-side surface thereof. 
The reflected light 104 is absorbed by the polarizing plate 13 or allowed 
to pass through the polarizing plate 13 and outgo to the observer side to 
be used as display light, depending on the orientation state of the liquid 
crystal layer 2. 

[0161] The reflected light 103 is absorbed by the polarizing plate 13 
when the polarizing plate 13 and the retardation plate 12 are placed to 
satisfy the quarter wavelength condition. When the placement of the 
polarizing plate 13 and the retardation plate 12 does not satisfy the 
quarter wavelength condition, the reflected light 103 passes through the 
polarizing plate 13 by the amount of deviation from the quarter wave- 
length condition and outgoes to the observer side. As for the reflected 
light 102, the entire thereof outgoes to the observer side because an ab- 
sorption element such as the polarizing plate 13 does not exist on the 
path of the reflected light 103. 

[0162] When the reflected light 102 and 103 outgoes to the observer 
side, an image of the light source 25 is reflected in the display. This 
greatly deteriorates the quality of black display, in particular, and causes 
reduction in contrast ratio. 
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[0163] In the liquid crystal display device of this embodiment, an 
UV-curable resin having a refractive index similar to the refractive index 
(1.5) of TAC used for the polarizing plate 13 was used as the material of 
the prism array sheet 14. For comparison, a liquid crystal display device 
using PEN (refractive index 1.66) as the material of the prism array 
sheet was fabricated. As a result of comparison between the liquid 
crystal display device of this embodiment and that of the comparative 
example, it was found that the liquid crystal display device of this em- 
bodiment succeeded in reducing occurrences of surface reflection and re- 
flection of an image of the light source 25 in the display, exhibiting 
superiority in black display, and preventing reduction in contrast ratio, 
compared with the liquid crystal display device of the comparative ex- 
ample. The reason is that since the prism array sheet 14 and the polar- 
izing plate 13 in contact with the prism array sheet 14 were made of 
materials having roughly the same refractive indices, the reflectance of 
the light from the light source 25 at the interface between the prism ar- 
ray sheet 14 and the polarizing plate 13 decreased. As a result, reflec- 
tion of an image of the light source 25 in the display was reduced. 

[0164] In Embodiments 1-8, the reflective display device in which 
the prism array sheet 14 is placed so that the principal surface (having a 
plurality of the tilt faces) of the prism array sheet 14 faces to the ob- 
server side are exemplified. The configuration of the reflective display 
device of the present invention is not limited to this. The prism array 
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sheet 14 may be placed so that the principal surface faces to the reflec- 
tive electrode 9 in those devices. Hereinafter, examples at such modi- 
fied reflective display devices will be described in Embodiments 9 and 
10. It should be noted that the principal surface of the prism array sheet 
14 may face to the observer side in Embodiments 9 and 10. 

(Embodiment 9) 

[0165] In a reflective display device of Embodiment 9, front bright- 
ness is improved by use of the difference in refractive index between the 
prism array sheet 14 and an air layer in contact with the prism array 
sheet 14, and also the abrasion resistance of the prism array sheet 14 is 
improved. The reflective display device of this embodiment will be de- 
scribed with reference to FIGS. 20, 21A, 21B, 21C, and FIG. 22. 

[0166] FIG. 20 illustrates a reflective display device of a compara- 
tive example of this embodiment. The reflective display device of FIG. 
20 is different from the reflective display device 1 of FIGS. 1A and IB 
in that the surface of the prism array sheet 14 (surface having a plurality 
of tilt faces 120) faces the liquid crystal layer 2 to improve the abrasion 
resistance of the prism array sheet 14. 

[0167] In the reflective display device of FIG. 20, in addition to the 
placement of the prism array sheet 14 facing the liquid crystal layer 2 
described above, the direction 120N normal to the tilt faces 120 is tilted 
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toward the lower side of the display plane with respect to the direction 
130 normal to the display plane. The tilt faces 120 are most preferably 
formed so that the direction in which incident light from the light source 
25 proceeds is the same as the direction normal to the tilt faces 120. An 
air layer 105 is interposed between the prism array sheet 14 and the po- 
larizing plate 13. Incident light 101 reflected by the reflective electrode 
9 is allowed to outgo from the display device as display light 104 in a 
direction roughly normal to the display plane by use of the difference in 
refractive index between the air layer 105 and the prism array sheet 14. 
However, the reflective display device of FIG. 20 has the problem that 
since reflected light 102 at the interface between the air layer 105 and 
the polarizing plate 13 has a large intensity, the display quality greatly 
deteriorates. This poor display quality is not sufficiently improved even 
when the observer-side surface of the polarizing plate 13 is AR-treated. 

[0168] To improve the display quality, the reflective liquid crystal 
display device of this embodiment is provided with an additional prism 
array sheet 106 as shown in FIGS. 21A, 21B, and 21C. FIGS. 21A and 
21B are cross-sectional views in the vertical and lateral directions, re- 
spectively, of the reflective display device of this embodiment. FIG. 
21C is a partial perspective view of the prism array sheet 106. 

[0169J The reflective liquid crystal display device of this embodi- 
ment is different from the reflective liquid crystal display device of the 
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comparative example shown in FIG. 20 in that the prism array sheet 106 
shown in FIG. 21C is formed between the prism array sheet 14 and the 
polarizing plate 13, in addition to the prism array sheet 14. 

[0170] As shown in FIG. 21C, the prism array sheet 106 has a plu- 
rality of ridges 131 in parallel with each other, with the same distance 
between the adjacent ridges 131. The cross section along line C-C of 
the prism array sheet 106 is composed of a series of isosceles triangles 
having the same shape and size. The prism array sheet 106 is made of 
the same material as that used for the prism array sheet 14 described 
above. The prism array sheet 106 is placed with respect to the prism ar- 
ray sheet 14 so that the ridges 131 of the former are orthogonal to the 
ridges 124 of the latter. The placement of the prism array sheet 106 with 
respect to the prism array sheet 14 is preferably adjusted appropriately 
in consideration of the influence of the moire pattern. 

[0171] The shape of the prism array sheet 106 is not limited to that 
shown in FIG. 21C although the shape shown in FIG. 21C is preferred. 
For example, the prism array sheet 106 may have a shape varying in the 
distance between the adjacent ridges 131 and having a C-C T cross secti- 
on composed of a series of isosceles triangles having different shapes 
and sizes or a series of scalene triangles. Alternatively, the prism array 
sheet may include a plurality of prisms arranged in a delta pattern, or 
may include an array of a plurality of microlenses or lenticular lenses. 
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[0172] Referring to FIGS. 21A and 21B, a path of light incident on 
the reflective liquid crystal display device will be described. Light 101 
emitted from the light source 25, for example, placed on the observer 
side of the reflective display device is reflected by the reflective elec- 
trode 9 and outgoes in a direction roughly normal to the display plane as 
display light 104 by use of the difference in refractive index between the 
air layer 105 and the prism array sheet 14, as in the reflective liquid 
crystal display device of FIG, 20 as the comparative example* 

[0173] Reflected light 102 of the incident light 101 from the light 
source 25, reflected at the interface between the air layer 105 and the 
prism array sheet 106, outgoes in a direction different from the direction 
of the display light 104 as shown in FIG. 21B. Although, in FIG. 21A, 
the directions of the reflected light 102 and the display light 104 appear 
to be the same and be unseparated from each other, they are spatially 
(three-dimensionally) separated from each other as shown in FIG. 21B. 
Thus, good display is attained when viewed from the front. 

[0174] A modification of the reflective liquid crystal display device 
shown in FIGS, 21A and 21B will be described with reference to FIG. 22. 
The reflective liquid crystal display device of FIG. 22 is different from 
the reflective liquid crystal display device of FIG. 20 as the comparative 
example mainly in that a tilt member 107 is placed between the liquid 
crystal layer 2 and the substrate 4. Referring to FIG. 22, the modified 
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reflective liquid crystal display device of this embodiment will be de- 
scribed. 

[0175] The tilt member 107 placed between the liquid crystal layer 
2 and the substrate 4 has a shape of alternate repetition of a plurality of 
tilt faces 140 tilted with respect to the display plane and faces 141 
standing roughly at 90 degrees with respect to the display plane. The di- 
rection 107N normal to the tilt faces 140 of the tilt member 107 is tilted 
toward the upper side of the display plane (toward the light source 25) 
with respect to the direction 130 normal to the display plane. Moreover, 
as in the reflective display device 1 of Embodiment 1, convex portions 
made of a resin are formed on the plurality of tilt faces 140 of the tilt 
member 107, and the reflective pixel electrode 9 made of Al is formed 
on the convex portions. Alternatively, the reflective pixel electrode 9 
may be a scattering film formed on the surface of a flat mirror. 

[0176] In the reflective display device of FIG. 22, light 101 emitted 
from the light source 25 is reflected by the reflective pixel electrode 9, 
and outgoes as display light 104 in a direction roughly the same as the 
direction 130 normal to the display plane by use of the difference in re- 
fractive index between the air layer 105 and the prism array sheet 14. 

[0177] Reflected light 102 of the incident light 101 from the light 
source 25, reflected at the interface between the air layer 105 and the 
polarizing plate 13, proceeds in a direction different from the direction 
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of the display light 104 and is therefore separated from the display light 
104, as shown in FIG. 22. Thus, good display is attained when viewed 
from the front. 

(Embodiment 10) 

[0178] A reflective display device of Embodiment 10 is different 
from the reflective display device of FIG. 20 as the comparative example 
of Embodiment 9, in that a protection plate 108 is provided on the back 
surface of the prism array sheet 14 and that an air layer 105 having a 
sufficiently large thickness is formed between the prism array sheet 14 
and the polarizing plate 13. Such a reflective display device having a 
protection plate as in this embodiment is advantageous when used for 
cellular phones and portable game machines. The reflective display de- 
vice of Embodiment 10 will be described with reference to FIG. 23. 

[0179] The protection plate 108 is bonded to the back surface 122 
of the prism array sheet 14, that is, the surface opposite to the surface 
having the plurality of tilt faces 120, as described above. This improves 
the abrasion resistance of the prism array sheet 14. The protection plate 
108 is preferably made of a material with high light transmittance such 
as acrylic resin, polyvinyl alcohol, polycarbonate, and ARTON. The ob- 
server-side surface of the protection plate 108 is preferably subjected to 
anti-reflection treatment. By suppressing surface reflection, decrease in 
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the amount of light incident on the display device can be prevented. 
Further, the refractive index of the protection plate 108 preferably 
matches with the refractive index of the prism array sheet 14, to enable 
suppression of reflection at the interface between the protection plate 
108 and the prism array sheet 14. 

[0180] The reflective display device of FIG. 23 includes the air 
layer 105 having a sufficiently large thickness between the surface of the 
prism array sheet 14 having the plurality of tilt faces 120 and the polar- 
izing plate 13 as described above. The thickness of the air layer 105 is 
preferably about 500 M m or more. A moire pattern is generated due to 
interference between the periodic structure of the prism array sheet 14 
and the pixel pattern of the display device. Therefore, by securing the 
air layer 105 having a thickness larger than the pitch of the prism array 
sheet 14 and the pixel pitch of the reflective display device, it is pos- 
sible to prevent generation of a moire pattern and thus improve the dis- 
play quality. 

[0181] Thus, the reflective display device of Embodiment 10 can 
improve the abrasion resistance of the prism array sheet 14 and also im- 
prove the display quality. 

[0182] According to the reflective display device of the present in- 
vention, the prism array sheet is placed on the observer-side surface of a 
reflective display device, so that light incident on the display device is 
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allowed to outgo in the direction normal to the display device in which 
the observer is normally present. With this placement, it is possible to 
attain a direct-view type reflective display device capable of providing 
display with high quality and high lightness in the actual use circum- 
stance indoors or outdoors. It is also possible to fabricate a high-quality 
and bright reflective display device by a simple method with high pro- 
ductivity. Moreover, high-quality display without generation of a moire 
pattern can be attained by appropriately setting the pitch of prisms con- 
sidering the pixel pitch of the display device and the like, 

[0183] While the present invention has been described in a 
preferred embodiment, it will be apparent to those skilled in the art that 
the disclosed invention may be modified in numerous ways and may as- 
sume many embodiments other than that specifically set out and de- 
scribed above. Accordingly, it is intended by the appended claims to 
cover all modifications of the invention that fall within the true spirit 
and scope of the invention. 
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